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Abstract 
The term crystal structure is understood as a set of atoms periodically distributed in space, forming a lattice. The composite 
material, bone, contains an organic part consisted of collagen and an inorganic part consisted predominantly of hydroxyapatite 
crystals, having the molecular formula Ca10(PO4)6(OH)2 in its unit cell. The crystal structure of hydroxyapatite can indicate the 
trabecular bone quality, by the identification of crystallite size, microhardness, microstrain and ratio of calcium and phosphorus 
in bones of three types: normal, osteopenic or osteoporotic. Osteoporosis is defined by the National Institute of Health as a 
skeletal disorder characterized by compromised bone strength and increased risk of fracture. Dried trabecular bones of vertebrae 
L1 columns of nine human cadavers from the São Paulo City Morgue were used. Before sample collection, they were pre-divided 
into three groups: normal, osteopenic or osteoporotic, through quantitative ultrasound of the calcaneus. The characterization of 
the three types of bones was made by electron microscopy scanning, microanalysis by energy dispersive spectrometry, 
microhardness and powder X-ray diffraction with application of the Rietveld method. The results showed a decrease of the 
crystallite size, hardness, ratio of calcium and phosphorus, trabecular number and bone density and an increase in microstrain 
values suggesting greater fragility and disruption in the crystalline structure of hydroxyapatite in osteopenic and osteoporotic 
bone. Microstructural characterization of hydroxyapatite crystals in dry trabecular bone could differentiate the three types of 
bones (normal, osteopenic and osteoporotic) and supplement assessment of osteoporosis, with an emphasis on bone quality. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of IDMEC-IST. 
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1. Introduction 
Osteoporosis is defined by the National Institute of Health as a skeletal disorder characterized by compromised 
bone strength and increased risk of fracture. [1] 
Professionals have assumed that all patients with a very low T-score present osteoporosis. However, the T-score 
is originated from a specific population. In other words, the T-score has problems when other populations are 
considered. Since the bone mineral density (BMD) is a limited fracture risk indicator, the clinic and scientific 
interest has increased for additional analysis that could improve the predictors for risk of fracture. [2-6] 
A normal BMD does not guarantee that a fracture will not happen, reciprocally, a BMD in the osteoporotic range 
indicates that fractures are more probable, but not inevitable. Due to this paradox in treatment, the term bone quality 
became popular in the early 1990s, and since then the concept of bone resistance involves more than just density, it 
also aggregates characteristics related to bone quality. There are many properties represented by bone quality, among 
those there is the crystal structure of the inorganic part of the bone (hydroxyapatite crystals). [7-16] 
The evaluation for osteoporosis is done considering, exclusively, bone quantity (BMD), even though this is not 
satisfactory. It is important to evaluate bone quality through the analysis of the inorganic part of the bone, by the 
microstructural characterization of the hydroxyapatite.  
Analyzing the crystalline structure in the atomic scale (size of the crystallite, portion of calcium and phosphorous, 
micro deformation), visually (scanning electron microscopy) and mechanically (micro hardness), the expectation is 
to find relations, for dried trabecular bones, that indicate the state of the bone regarding its quality. 
2. Materials and Methods 
2.1. Ethical aspects 
The collection of samples followed the procedures established and approved by research protocol number 408/11 
from the Ethics for Research Committee at the College of Medicine of the University of São Paulo and the Ethics 
for Research Committee at the Federal University of São Carlos, advice 336. 
2.2. Materials and Method 
Nine lumbar vertebrae (L1) were surgically removed, three normal, three osteopenic and three osteoporotic, from 
human cadavers 12 hours post-mortem from the morgue at the Clinical Hospital of São Paulo - SP. 
2.3. Pre-selection of Samples 
Before the collection of the material the samples were separated into three groups: normal, osteopenic and 
osteoporotic through quantitative ultrasonometry (QUS), using the equipment Aquilles Insight (GE Medical 
Systems Lunar). This pre-selection took place before the necropsy technicians started the autopsy. The foot of the 
cadaver was placed on the support of the equipment and the measurements were taken in groups of three, calculating 
the average for each foot and total. 
2.4. Sample preparation and characterization 
At the Institute of Orthopaedics and Traumatology (IOT) at the Clinical Hospital in the city of São Paulo, more 
specifically at the biomechanics laboratory, samples were extracted axially from vertebral bodies through a trephine 
drill and, after the surgical procedure of dissection, frozen and standardized in a cylindrical shape of (10x20) mm. 
Bone marrow was removed by a washing procedure and the sample was kept moist with a saline solution, frozen at  
-20 °C.   
For the analysis of micro hardness (VMHT-MOT – Leica), samples were dried in an oven at 37 °C over a period 
of 24 hours, in order not to damage the collagen fibers, fixed in epoxi resin (Crystal T-280), sanded and then 
polished with alumina 0:05 microns. A force of 15 gf was used in the microhardness test.. 
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Samples analyzed by SEM (Zeiss Leo 440) were without bone marrow, dehydrated, dry, with cylindrical format 
(5x10) mm and coated with carbon and gold (approximately 20 nm). 
For analysis by EDS (EDX - Shimadzu) and XRD (Siemens D5005), the samples were boiled at approximately 
100 °C in hydrogen peroxide to degrade any organic weakening of the structure and subsequently decontaminated in 
Milli-Q water at room temperature. Then, they were taken to an oven at 100 °C for 24 hours and finally pulverized 
in a mortar. Measurements were performed three times on each sample and the average was calculated for each one. 
2.5. Parameters for the DRX and the Ritveld Method 
The DRX has a power of 40 kV and 40 mA, copper Ka radiation and wavelength λ 1.54056 and the samples were 
analyzed in an angle of Θ / 2Ө 20 to 70 degrees, step 0.02 ° of 10 seconds each, using the software EVA to make the 
search match. The diffractogram patterns obtained by the DRX were refined using the Rietveld method, through the 
GSAS software using the EXPGUI interface. 
 
3. Results 
3.1. Analysis of the calcaneus bone by ultrassonometry 
The Coroner's Service at the Clinical Hospital of the São Paulo Medical School in the city of São Paulo provided 
data regarding age, height and weight of the nine cadavers used in the research. The evaluation of T-score using the 
calcaneus bone and the apparatus Achilles Insight (GE Medical Systems Lunar) yielded T-score figures in triplicate 
which average values are represented in Table 1. 
Table 1 – Groups classification through the calcaneus ultrasonometry analysis 
Group Age Height Weight T-score 
Normal 1 67 1,69 46 -0,067 
Normal 2 64 1,73 72,2 0,383 
Normal 3 81 1,54 45 -0,183 
Osteopenic 1 68 1,63 42 -1,383 
Osteopenic 2 85 1,75 56 -1,517 
Osteopenic 3 82 1,78 70 -1,333 
Osteoporotic 1 86 1,61 42 -2,767 
Osteoporotic 2 79 1,39 25,4 -2,883 
Osteoporotic 3 68 1,7 84 -2,750 
 
3.2. Scanning Electron Microscopy (SEM) 
Relations between cracks, fractures, trabecular density with or without plaque formation, connectivity and pore 
size in the three groups, allow for the evaluation of normal, osteopenic and osteoporotic bones. In normal bones 
(Figure 1a and Figure 2a) microarchitecture consists predominantly of rounded regular pores, greater connectivity, 
trabecular number, and the presence of thick and well organized plates.  
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Figure 1 - bone scanning electron microscopy trabecular human vertebrae fixed in epoxy resin and polished: a) Normal (700 times); b) osteopenic 
(3000 times); c) osteoporosis (3000 times) 
 
 
Figure 2 - Electron microscopy of trabecular bone scan human vertebrae (300 times): a) Normal; b) osteopenic; c) osteoporotic 
Osteopenic bones (Figures 1b and 2b) show the existence of early brittle fractures caused by axial loading or 
shear, thinning of the trabeculae and the lack of plate-type connections. Finally, osteoporotic bones (Figures 1c and 
2c), have cracks and fractures with greater irregularity, poor connectivity, the trabecular thinning and deterioration 
of microarchitecture. 
3.3. Energy dispersive spectroscopy (EDS). Calcium and Phosphorus Analysis 
The values of calcium and phosphorus ratio found are presented in Table 2. 
 
Table 2 – Calcium and phosphorus ratio in normal, osteopenic and osteoporotic bones. 
 Normal Osteopenic Osteoporotic 
Sample 1 1,91 1,80 1,68 
Sample 2 2,13 1,80 1,73 
Sample 3 2,03 1,82 1,78 
Average 2,02 1,81 1,73 
Standard 
Deviation 
0,11 0,01 0,05 
3.4. Microhardness Knoop (HK) 
Values of microhardness Knoop (HK) are presented in tables 3, 4 and 5. 
 
 
12   J.M.D.A. Rollo et al. /  Procedia Engineering  110 ( 2015 )  8 – 14 
Table 3 – Normal samples measures 
Sample Measure 1 Measure 2 Measure 3 Average 
1 30,7 30,7 30,6 30,67 
2 28,2 28,8 32,9 29,97 
3 30,1 33,9 26,5 3,17 
 
The samples of normal bones had an average measure of 30,27 and standard deviation of 0,36, resulting in the 
value 30,27±0,36 HK. 
Table 4 – Osteopenic samples measures 
Sample Measure 1 Measure 2 Measure 3 Average 
1 26,8 27,9 24 26,23 
2 27,3 26,9 23,3 25,83 
3 28,9 26,6 24,4 26,63 
 
The osteopenic samples in number of three resulted in an average of 26,23 and standard deviation of 0,40, 
resulting in the value 26,23±0,40 HK .  
Table 5 – Osteoporotic samples measures 
Sample Measure 1 Measure 2 Measure 3 Average 
1 22 23,2 20,4 21,87 
2 23,4 22 19,4 21,6 
3 20,3 20,9 19,4 20,2 
 
The osteoporotic samples in number of three resulted in an average of 21.22 and standard deviation of 0.89, 
resulting in the value 21.22±0,89 HK.   
3.5. X-ray Diffraction (XRD) and Rietveld method 
Presented on Figure 3, the X-ray diffractometry spectrum of normal, osteopenic and osteoporotic bones where the 
hydroxyapatite peaks are observed, with no other phase present and an hexagonal space group P63/m, typical of 
hydroxyapatite crystals. 
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Figure 3 – Rietveld refinement of hydroxyapatite samples of each type of bone. From left to right, normal, osteopenic and osteoporotic.  
The peaks of normal bones are wider than the osteopenic and osteoporotic ones, since the crystallite sizes are 
bigger. Through the Ritveld refinement method it was possible to determine the crystallite sizes for each group 
according to Table  6. Table 7 shows the microdeformation in each group. 
Table 6 – Crystallite sizes for each group. 
Group Crystallite Size (Å) Standard Deviation 
Normal 669,34 27,70 
Osteopenic 467,38 65,99 
Osteoporotic 213,01 86,00 
Table 7 – Microdeformation in each group 
Group Microdeformation Standard Deviation 
Normal 5,41 1,58 
Osteopenic 11,48 1,57 
Osteoporotic 16,88 1,42 
4. Discussion 
The evaluation of the microarchitecture of dry trabecular bones vertebrae was performed targeting bone quality 
and not quantity (BMD). 
The T-scores are an indication of the nine studied subjects conditions, aged 64-86, but also correlate the groups 
of normal bone, osteopenic and osteoporotic. 
The physical tests MEV and EDS were correlated, the ratio Ca / P is higher for normal bone events reflecting less 
probability to present fractures as reported by Fountos et al. [17] and Kourkoumelis et al. [18]. The probable 
replacement by ions of atomic radius with different values from calcium ions, Costa et al., [19] decreases bone 
quality due to the increased amount of punctiform defects in the crystalline hydroxyapatite net, which characterizes 
the metabolic bone disease osteopenia and osteoporosis. This ion exchange leaves less rigid bones confirmed 
through the Knoop microhardness tests [20]. The ion exchange which occurs in the hydroxyapatite structure 
influences the increase in microstrain values. [21]. 
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The relative evaluation of hydroxyapatite parameter or interplanar distance is reduced to normal bones when 
compared to osteopenic and osteoporotic bones, which is confirmed by the survey. The size of the crystallites, lower 
for osteoporotic osteopenic bones indicate an ion exchange allowing a large number of punctiform defects which 
causes an increase in residual stress of the crystalline and generates small voltages, which is an indication of poor 
bone quality. 
5 - Conclusions 
Bone microarchitecture of trabecular bone dry vertebrae could be assessed by the methods: SEM, EDS, hardness 
and X-ray diffraction with Rietveld refinement. Microstructural characterization of hydroxyapatite crystals in dry 
trabecular bone could differentiate the three types of bones (normal, osteopenic and osteoporotic) and complement 
the evaluation of detection of osteoporosis, with emphasis on bone quality. 
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